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This  is  Volume  I  of  the  five-volume  report  entitled  "Assessment  of  Damage 
Tolerance  Requirements  and  Analyses,"  Contract  No.  F33615-82-C-3215.  This 
program  has  been  administrated  by  the  Flight  Dynamics  Laboratory,  Air  Force 
Wright  Aeronautical  Laboratories,  Air  Force  Systems  Command,  Wright 
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Force  Project  Engineer  through  December  1985.  Subsequently,  Mr  Rudd  was 
replaced  by  Lt  Christopher  Mazur.  Albert  Kuo  was  FRC  Program  Manager  and 
Principal  Investigator  through  March  1985.  Subsequently,  Meir  Levy  assumed 
the  responsibility  for  the  completion  of  the  program.  The  structural  test 
program  was  performed  at  the  University  of  Dayton  Research  Lab  under  the 
supervision  of  George  Roth.  The  work  associated  with  this  program  was 
conducted  between  August  1982  through  May  1986  as  illustrated  in  the 
Schedule  attached. 
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University  of  Dayton  for  his  contribution  to  the  Structural  Test  Program. 
Special  thanks  to  R.  Kollmansberger ,  K.  Grube  and  S.  Saul  for  valuable 
contribution  in  the  area  of  technical  content  of  the  reports.  Other 
persoooel  making  significant  contributions  were  R.  Eng  from  the  Stress 
Department,  E.  Walsh  from  Word  Processing  and  R.  Ingenito  from  Graphics. 
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1 .0  INTRODUCTION 


Eight  major  tasks  listed  below  have  been  planned  to  achieve  the  program  objec¬ 
tives.  These  tasks  encompass  assessing  the  validity  of,  and  recommending  im¬ 
provements  to  the  current  MIL-A-83444,  developing  guidelines  for  identifying 
the  most  critical  initial  primary  damage  locations  for  typical  aircraft  struc¬ 
tures,  and  assessing  and  improving  the  state-of-the-art  analytical  methods  to 
satisfy  the  requirements  of  MIL-A-83444. 


Task  I: 
Task  II: 
Task  III: 
Task  IV: 
Task  V: 
Task  VI: 
Task  VII: 

Task  VIII: 


Analytical  Methods 
Basic  Tests 

Analytical  Predictions 
Structural  Tests 

Analytical /Experimental  Correlations 

Assessment  of  and  Recommended  Improvements  to  MIL-A-83444 
Guidelines  for  Selecting  Most  Critical  Initial  Primary  Damage 
Location 

Assessment  of  and  Improvements  to  Damage  Tolerance  Analyses 


The  material  presented  In  this  volume  consists  of  an  Executive  Summary  of  the 
entire  program.  The  other  volumes  issued  are  listed  below: 


Volume  II: 
Volume  III: 
Volume  IV: 
Volume  V: 


Analytical  Methods 

Analytical  Predictions  and  Correlations 
Raw  Test  Data 

Assessment  and  Recommendations 


Volume  II  contains  the  Analytical  Methodology  derived  during  Task  I  of  the 
Program,  Including  crack  growth  and  crack  Initiation  techniques,  and  results 
of  Finite  Element  Modeling  of  stress  intensity  factors. 


Volume  III  contains  Analytical  to  Experimental  Correlation  of  72  Structural 
Test  Specimens  performed  during  Task  IV  of  the  Program. 


Volume  IV  contains  the  Raw  Test  Data  obtained  during  the  Basic  Test,  and  the 
Structural  Test  Programs.  Requests  for  this  document  may  be  referred  to  the 
Flight  Dynamics  Laboratory  (AFWAL/FIBE) ,  Wright  Patterson  Air  Force  Base,  Ohio 
45433. 

Volume  V  contains  an  assessment  of  the  Damage  Tolerance  Design  Requirements  de¬ 
fined  in  MIL-A-83444,  Analytical  methods  evaluation  and  a  Guideline  for  Identi¬ 
fying  Critical  Locations  for  Damage  Tolerance  Analysis.  It  also  contains  recom¬ 
mendations  and  follow-on  work. 

In  addition,  a  User  Manual  of  the  DAMGRO  Computer  Program  has  been  released. 

1.1  BACKGROUND  OF  THE  PROGRAM 

The  recognition  that  failures  of  metallic  aircraft  structures  are  primarily 
caused  by  cracks  emanating  from  fastener  holes,  and  the  availability  of  fracture 
mechanics  methodologies  to  deal  with  cracks  has  led  the  USAF  to  adapt  the  damage 
tolerance  approach  in  lieu  of  the  safe-life  approach  for  ensuring  safety  of  air¬ 
craft  structures.  The  requirements  specified  by  the  USAF  to  achieve  a  damage 
tolerant  design  are  given  in  MIL-A-83444  (Ref.  1),  which  defines  initial  flaw 
assumptions,  in-service  inspection  flaw  assumptions,  inspectability,  and  speci¬ 
fies  residual  strength  requirements.  However,  some  of  the  requirements  are 
based  on  engineering  judgment  and  limited  data;  hence  they  need  to  be  updated, 
improved  upon  through  analyses,  and  verified  experimentally. 

Fatigue  crack  growth  life  analysis  is  essential  in  the  fulfillment  of  MIL-A- 
83444  for  qualifying  the  service  life  of  airframes,  establishing  inspection 
intervals,  and  satisfying  residual  strength  requirements.  The  effectiveness  of 
the  damage  tolerance  approach  will  greatly  depend  on  the  accuracy  of  fatigue 
crack  growth  life  analyses.  To  perform  fatigue  crack  growth  life  analyses, 
assumptions  must  be  made  of  specific  initial  primary  flaw  location,  flaw  geom¬ 
etry,  flaw  multiplicity,  continuing  damage,  and  cracking  sequence  for  a  fracture 
critical  area.  Although  MIL-A-83444  gives  such  assumptions,  it  is  often  not  de¬ 
tailed  and  specific  enough  for  making  analyses  of  typical  structural  elements 
without  involving  somewhat  arbitrary  assumptions.  Experience  has  indicated  that 
varying  these  assumptions  often  results  in  substantial  differences  in 


fatigue  crack  growth  lives.  In  particular,  the  most  critical  locations  for  ini¬ 
tial  primary  damage  are  not  obvious  for  the  complex  geometries  involved  in  air¬ 
craft  structures.  Thus,  guidelines  are  needed  for  identifying  the  most  critical 
initial  primary  damage  locations. 

In  the  design  analysis  of  airframes,  the  complexities  of  numerous  structural 
details,  assumption  of  the  initial  crack  locations  and  flaw  geometries,  and  pos¬ 
sible  cracking  sequence  have  necessitated  the  consideration  of  time  and  cost  re¬ 
quired  for  the  analysis.  The  compounded  solution  method  is  well  suited  for  the 
design  and  has  been  commonly  used  in  the  aircraft  industry.  However,  a  thorough 
assessment  of  the  accuracy  of  this  relatively  simple  method  is  needed  for  com¬ 
plex  aircraft  structural  configurations  and  loadings. 

Current  damage  tolerance  analysis  is  based  on  fracture  mechanics  which  presumes 
the  existence  of  initial  flaws.  However,  it  is  often  observed  that  the  growth 
of  initial  primary  damage  is  arrested  at  an  adjacent  boundary  or  fastener  hole. 
In  order  to  continue  the  analysis  of  subsequent  cracking  behavior,  current  MIL¬ 
A-83444  assumes  that  the  initial  continuing  damage  having  specified  sizes  and 
shapes  exists  at  specified  locations.  Such  assumptions  are  necessary  because 
fracture  mechanics  cannot  be  used  to  predict  the  reinitiation  time  of  an 
arrested  crack;  in  particular,  these  assumptions  often  result  in  conservative 
structural  life  predictions.  One  promising  method  of  predicting  the  reinitia¬ 
tion  time  involves  the  use  of  baseline  fatigue  crack  initiation  data  and  the 
concept  of  stress  severity  factor.  A  study  of  this  method  was  made  in  Ref.  3; 
however,  improvement  and  verification  of  such  a  crack  reinitiation  analysis  is 
needed  to  assess  the  initial  continuing  damage  assumptions  in  MIL-A-83444  and 
the  associated  analyses. 

The  previously  completed  USAF  contract  F3361  5-7 5-C-3093  (Ref.  2)  was  directed 
toward  resolving  the  above  problems.  The  effort  of  that  contract  has  resulted 
in  recommended  improvements  to  MIL-A-83444  and  the  associated  analyses,  and  has 
exposed  the  deficiency  in  crack  reinitiation  analysis.  However,  the  conclusions 
were  based  on  a  single  material  and  constant  amplitude  load  tests.  Therefore, 
such  conclusions  must  be  further  verified  and  substantiated  by  extensive  experi¬ 
mental  and  analytical  studies  which  use  realistic  aircraft  structural  configura¬ 
tions,  manufacturing  processes,  and  service  stress  spectra. 
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2.0  SUMMARY  OF  THE  PROGRAM 


This  program  consisted  of  three  Phases  including  eight  Tasks.  Phase  1  consisted 
of  Tasks  I,  II  and  III;  Phase  2  consisted  of  Tasks  IV  and  V;  Phase  3  consisted 
of  Tasks  VI,  VII  and  VIII. 

2.1  PHASE  1:  SUMMARY 

The  objectives  of  Phase  1  were  to  provide  analytical  formulation  of  the  crack 
growth  and  crack  initiation  methodology,  to  provide  basic  material  allowables 
and  to  perform  crack  growth  and  crack  initiation  predictions  of  the  structural 
test  specimens.  Phase  1  involved  three  tasks;  Tasks  I,  II  and  III. 

2.1.1  Analytical  Methods 

During  Task  I  of  the  program,  an  assessment  of  and  improvement  to  the  state-of- 
the-art  analytical  methods  to  predict  crack  growth  and  crack  initiation  was  con¬ 
ducted.  A  major  effort  of  Task  I  was  focused  on  improving  the  compounded  stress 
intensity  solution  of  various  structural  configurations,  and  in  deriving  of 
stress  severity  factors  to  predict  crack  initiation.  Volume  II  of  the  report 
presents  the  results  of  Task  I  efforts. 

2.1.2  Governing  Parameters  of  Fatigue  Crack  Initiation 

Since  the  local  concentration  of  plastic  strain  at  a  notch  root  (i.e.,  edge  of  a 
hole)  causes  fatigue  crack  initiation  of  notched  structural  members,  an  accurate 
prediction  of  fatigue  crack  initiation  time  will  require  the  reliable  character¬ 
ization  of  stress/strain  at  the  very  edge  of  a  notch  root.  The  strain  energy 
density,  S,  was  proposed  herein  as  the  governing  parameter  to  characterize  the 
true  peak  stress/strain  at  a  notch  root.  The  strain  energy  density  was  derived 
in  Volume  II  of  the  report  using  the  stress  severity  factor  (Ref.  4),  Neuber's 
rule  (Ref.  5),  and  material  size  effect  (Ref.  6). 

The  stress/strain  at  the  edge  of  a  hole  is  determined  not  only  by  the  fastener 
hole  itself  relative  to  far  field  stress  and  remote  (by-pass)  loads  but  also  by 
the  effects  due  to  hole-fastener  interf erence ,  preload  in  a  fastener,  and  faying 
surface  condition.  These  effects  cannot  be  accurately  determined  by  analysis 
alone.  Analysis  enhanced  with  experimental  data  should  yield  acceptable 


accuracy.  Therefore,  the  concept  of  stress  severity  factor  proposed  by  Jarfall 
(Ref.  4)  is  selected  as  a  suitable  parameter  for  characterising  the  elastic 
stress  concentration  at  the  edge  of  a  fastener  hole  or  internal  notch  subjected 
to  both  fastener  and  remote  loads.  The  stress  severity  and  elastic  concentra¬ 
tion  factors  are  redefined  in  the  two  following  equations, 


k  =  apy  .  kt 


_  _L  J(i  -  c)  p  k  f  _cp —  k 

t  ”  g0  \  Wt  tg  2  r  t  Ki  b  td  ( 


remote  load  fastener  load 


(2.1) 

(2.2) 


Where:  k 

a 

P 

V 


-  stress  severity  factor, 

=  coefficient  to  account  for  hole  fastener  interference, 

=  coefficient  to  account  for  preload  in  a  fastener, 

=  coefficient  to  account  for  faying  surface  condition, 

=  elastic  stress  concentration  factor  for  a  fastener  hole 
including  both  fastener  load  and  remote  load, 

=  P/Wt  -  effective  gross  section  stress  surface  condition, 
=  total  applied  load, 

=  fraction  of  load-transfer  through  fastener, 

*  hole  radius, 

=  plate  width, 

=  plate  thickness, 

=  elastic  stress  concentration  factor  for  fastener  load 
assuming  rigid  fastener  and  no  fastener  tilting, 

=  elastic  stress  concentration  factor  to  account  for 
fastener  tilting  and  fastener  deflection, 

-  elastic  stress  concentration  factor  for  remote  load. 


An  important  fatigue  phenomenon  which  needs  to  be  considered  to  achieve  accurate 
fatigue  crack  initiation  time  is  the  "material  size  effect."  It  is  a  fact  that 
the  fatigue  notch  factor  is  lower  than  the  theoretical  elastic  stress  concentra¬ 
tion  factor,  k^.  This  fact  implies  that  the  real  peak  notch  stress  exper¬ 
ienced  by  the  material  at  the  notch  root  is  lower  than  that  calculated  by  the 


theoretical  elastic  stress  concentration  factor. 


The  recognition  of  such  a  necessity  is  evidenced  by  the  inclusion  of  the 
Neuber's  "material  size  effect"  correction  to  k^  in  the  specification  of 
metal  fatigue  data  as  contained  in  MIL-HDBK-5D  (Ref.  7).  Neuber  proposed  the 
following  "effective  stress  concentration  factor"  to  account  for  "material  size 
effect" : 


where  R  is  the  notch  root  radius;  the  paremeter  P  is  Neuber's  material  constant 
which  is  available  for  aluminum  and  steel  in  Refs.  8  and  9  respectively. 

The  strain  energy  density,  S  as  defined  in  Equation  (2.4),  was  adapted  in  this 
investigation  to  characterize  the  true  peak  stress/strain.  To  account  for  the 
effects  of  hole-fastener  interference,  preload  in  a  fastener,  and  faying  sur¬ 
face  condition,  the  stress  severity  factor  k  as  redefined  in  Equation  (2.5)  is 
used,  in  lieu  of  k^: 

S  =  1  (k  go>  (2.4) 

2  E 

k  =  stress  severity  factor  =  apy  ■  kN  (2.5) 

Experimental  tests  to  be  described  later  are  required  to  provide  basic  fatigue 
crack  initiation  data  for  the  analysis.  The  total  fatigue  life  from  testing,  N, 
was  plotted  against  strain  energy  density,  S,  using  a  log-log  scale.  The  data 
was  represented  by  a  best-fit  equation  in  the  following  form: 

Smax  "  SfNm  <2‘6> 

where  S_,v  is  the  maximum  strain  density  and  Sf  can  be  interpreted  as  a 

Mlfl  X  I 

material  constant  corresponding  to  N  =•  1 . 


Since  there  are  different  stress  ratios  in  a  fatigue  stress  spectrum,  an  N  vs 
S  e(luat^on  should  account  for  stress  ratio  effects  in  a  manner  similar  to 
that  of  da/dN  vs  K  for  fatigue  crack  growth  rates.  This  was  accomplished 

IDdX 

by  employing  the  well-known  Goodman  Diagram  which  has  been  used  in  MIL-HDBK-5D 
(Ref.  7)  to  present  constant  amplitude  fatigue  data.  A  linear  approximation 
(in  terms  of  strain  energy  density)  was  adopted  to  construct  a  constant-life 
diagram  (Goodman  Diagram). 

It  was  shown  in  Volume  II  that  the  number  of  cycles  to  failure  may  be  related 
to  the  maximum  strain  energy  density  listing  Equation  2.7,  where  R  is  the 
stress  ratio 

(1~R)  Smax  \  ™  (2.7) 

Sf  ~  R  Smax/ 

2.1.3  Damage  Accumulation 

Equation  (2.7)  gives  the  total  life  as  a  function  of  constant  strain  energy  den¬ 
sity.  However,  the  strain  energy  density  is  a  variable  for  a  given  component 
subjected  to  a  fatigue  stress  spectrum  because  it  is  determined  by  the  stress 
severity  factor  which  varies  with  crack  length  and  gross  section  stress,  r  . 
Thus,  to  predict  fatigue  crack  initiation  under  spectrum  loading,  cumulative 
damage  computations  must  be  performed.  The  Palmgren-Miner  approach  of  linear 
cumulative  damage  was  employed  in  this  investigation. 

2.1.4  Overload  Effect 

Spectrum  overload  is  assumed  to  have  an  effect  not  only  on  crack  growth  life  but 
also  on  crack  initiation  life.  Thus,  it  needs  to  be  considered  in  the  analysis 
to  achieve  a  realistic  prediction  of  fatigue  crack  initiation  time.  There  have 
been  a  number  of  theoretical  models  to  treat  overload  effects  in  crack  growth 
analysis,  but  no  such  models  exist  for  crack  initiation.  The  Willenborg  model 
(Ref.  11),  which  represents  one  of  the  state-of-the-art  retardation  models  in 
crack  growth  analysis,  was  employed  by  Brussat  et  al.  (Ref.  10)  to  treat  the 
beneficial  effects  due  to  overloads  in  fatigue  crack  initiation  analysis.  How¬ 
ever,  Brussat  et  al.  did  not  describe  how  the  Willenborg  model  was  applied  to 
fatigue  crack  initiation.  A  mathematical  approach  similar  to  the  Willenborg 
model  was  employed  in  this  investigation. 


2.1.5  OAMGRO  Computer  Program 

A  computer  program  "OAMGRO"  (Damage  Growth)  was  developed,  based  upon  the  theo¬ 
ries  presented  above.  The  computer  program  was  written  in  FORTRAN  language.  In 
OAMGRO,  the  crack  growth  analysis  is  treated  in  a  manner  similar  to  the  CRKGRO 
(Ref.  12)  computer  program  except  that  the  improved  stress  intensity  factor 
solutions  are  incorporated  into  OAMGRO. 

Using  DAMGRO,  structural  life  can  be  predicted  with  any  one  of  the  following 
three  methods:  namely  (i)  crack  growth  only,  (ii)  combined  crack  growth  and 
initiation,  and  (iii)  crack  initiation  only.  The  adequacy  of  methods  (i)  and 
(ii)  was  evaluated  through  correlation  with  experimental  results.  Method  (iii) 
is  similar  to  the  traditional  fatigue  analysis  as  adopted  in  the  safe-life 
approach;  thus,  no  experimental  verification  of  this  method  was  performed. 

The  "DAMGRO"  computer  program  contains  ten  subroutines  to  calculate  stress 
intensity  factors  and  six  subroutines  to  calculate  stress  severity  factors. 

The  structural  models  corresponding  to  these  sixteen  subroutines  are  shown  in 
Figures  2.1  through  2.3.  These  models  cover  many  situations  encountered  in 
airframe  design.  The  cracks  in  all  of  the  models  can  be  either  through-the- 
thickness  or  corner  cracks. 
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2.2.  Crack  Growth  Models  of  Stringer  Sections  In  DAMGRO 
Computer  Program 


2.2  BASIC  TEST  PROGRAM 


The  purpose  of  the  basic  test  program  was  to  generate  a  crack  growth  and  crack 
initiation  data  base  for  material  forms  similar  to  those  used  in  the  structural 
test  program.  A  total  of  224  specimens  were  tested.  They  included  60  tensile 
specimens,  80  crack  initiation  specimens,  20  fracture  toughness  specimens,  and 
64  constant  amplitude  crack  growth  specimens.  The  materials  selected  for  the 
entire  program  were  2024-T3XX  and  7075-T6XX. 

2.2.1  Tensile  Test  Program 

The  purpose  of  the  Tensile  Test  program  was  to  evaluate  the  mechanical  proper¬ 
ties  of  material  forms  used  during  the  structural  test  program  of  Task  IV. 
Various  product  forms  were  evaluated  to  Include,  sheet,  plate  and  extrusion 
sections  in  both  longitudinal  and  transverse  grain  directions.  The  allowables 
obtained  included  yield  strength,  ultimate  strength,  %  elongation  and  Young's 
modulus.  The  test  results  indicated  that  the  majority  of  the  allowables  were 
superior  to  the  A-Allowables  given  in  the  military  standard  MIL-50.  A  summary 
of  the  average  tensile  properties  obtained  during  the  test  program  is  given  in 
Table  2.1. 


TABLE  2.1.  AVERAGE  TENSILE  PROPERTIES 


PRODUCT 

FORM 

YIELD 

STRENGTH  (KSI) 
LONG.  TRAN. 

ULTIMATE 
STRENGTH  (KSI) 
LONG.  TRAN. 

ELONGATION 

(*) 

LONG.  TRAN. 

YOUNG'S 

MODULUS  (KSI  *  103) 
LONG.  TRAN. 

2024-T3 

0.19"  Sheet 

53.1 

45.0 

67.4 

67.2 

14.8 

18.0 

10.7 

11.0 

2024-T3 

0.09"  Sheet 

52.9 

42.5 

69.0 

67.5 

17.0 

19.2 

11  .4 

10.2 

2024-T351 
0.25"  Plate 

51  .1 

45.4 

70.0 

67.0 

20.2 

18.8 

10.5 

11.0 

2024-T351 1 
0.19"  Tee 

53.3 

50.5 

67.4 

62.6 

17.8 

7.5 

11.0 

10.7 

2024-T351 1 
0.25"  Angle 

47.6 

43.2 

62.3 

58.9 

21  .3 

10.7 

11.1 

10.3 

7075-T651 
0.31"  Plate 

77.9 

75.4 

82.7 

84.1 

13.5 

12.8 

10.1 

10.2 

7075-T6 

0.16"  Sheet 

77.2 

73.8 

81  .6 

84.3 

15.0 

13.3 

10.4 

10.8 

7075-T651 

0.4"  Plate 

77.2 

72.6 

79.6 

79.4 

13.8 

11.5 

11.1 

10.7 

7075-T651 1 
0.31"  Tee 

78.9 

69.7 

86.2 

76.6* 

12.8 

9.3 

10.9 

10.3 

7075-T651 1 
0.31"  Angle 

82.7 

77.2 

89.2 

85.2 

11.8 

11  .0 

10.4 

10.2 

*Below  A- 

allowable. 

i  .e. 

78.0 

2.2.2  Crack  Initiation  Test  Program 

The  purpose  of  the  crack  initiation  test  program  was  to  provide  fatigue 
initiation  allowables  for  the  product  form  used  during  the  structural  test 
program. 

A  total  of  eighty  (80)  crack  initiation  specimens  were  tested.  The  specimens 
were  made  of  2024 -T3  and  7075-T6  aluminum  alloys,  and  subjected  to  constant 
amplitude  loading  with  various  stress  levels  as  indicated  in  Tables  2.2  and 
2.3.  Five  groups  were  tested:  (i)  Baseline  specimens  with  an  open  hole,  (ii) 
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Group  A  specimens,  with  various  degree  of  load  transfer,  clearance  fit  holes,  no 
clamp-up  and  no  presence  of  sealant  at  the  faying  surface,  (iii)  Group  B  speci¬ 
mens,  with  interference  fit,  no  clamp-up  and  no  presence  of  sealant  (iv)  Group  C 
specimens  with  interference  fit,  clamp-up  and  no  sealant,  and  (v)  Group  D  speci¬ 
mens  with  interference  fit,  clamp-up  and  presence  of  sealant.  The  baseline 
group  and  Group  A  provided  baseline  coefficients  for  equation  2.6.  The  test 
data  of  Groups  B,  C  and  0  were  originally  intended  to  obtain  the  empirical  con¬ 
stants  a  ,  p  and  y  which  account  for  the  effects  of  interference-fit,  clamp-up 
and  sealant,  respectively.  However,  because  of  the  relatively  small  number  of 
specimens  and  the  scatter  in  life  associated  with  them,  distinction  between  a, 

3  and  *  could  not  be  made.  Therefore,  the  product  V  was  obtained  to 

account  for  the  combined  effect  of  interference,  clamp-up  and  sealant. 


The  crack  growth  lives  of  all  the  specimens  were  predicted  using  the 


"DAMGRO"  computer  program.  The  initial  flaw  assumed  for  each  specimen  was  a 
0.05-inch  quarter-circular  corner  crack.  The  life  required  to  initiate  a  0.05- 


inch  quarter-circular  corner  crack  is  defined  as  (Np  -  Ng)  where  Np  is  the 


total  life.  The  damage  index  di  for  the  initiation  of  a  0.05  inch  quarter- 


circular  corner  crack  is  defined  as  d.  =  (fL  -  N  )/N  . 

i  p  g  p 


The  calculated  value  of  d^  were  then  curve-fitted  into  equation  2.8. 


di  "  C1 


C_  S 
2  max 


(2.8) 


where  ,  C2  are  the  damage  coefficients  evaluated  for  2024-T3  and  7075-T6 


aluminum  alloys,  and  for  the  two  groups  of  specimens. 


Note  that  Equation  (2.8)  represents  the  damage  index  for  the  initiation  of  a 
0.05-inch  quarter-ci rcular  corner  crack  for  the  specimens  subjected  to  constant 
amplitude  fatigue  loading.  For  the  case  of  spectrum  loading,  the  damage  index 
to  initiate  an  0.05  inch  quarter-circular  corner  crack  was  determined  using 
the  weighted  method. 
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2.2.4  Constant  Amplitude  Crack  Growth  Rate  Test  Program 
The  purpose  of  the  constant  amplitude  crack  growth  rate  test  program  was  to 
establish  a  crack  growth  rate  data  base  for  the  material  form  used  during  the 
structural  test  program.  The  test  data  were  fitted  into  the  "Modified  Walker 
Equation"  in  term  of  da/dN  vs  K  given  in  Equation  (2.11). 

ilia  X 


1  -  R 


(2.11 


Where  c,  m  and  n  are  constant  evaluated  from  test  data,  K  is  the  maximum 

max 

stress  Intensity  factor,  R  is  the  stress  ratio. 

A  total  of  64  specimens  were  tested.  The  stress  ratios  tested  were  -0.30, 
-0.05,  +0.05  and  +0.50.  The  test  specimens  provided  sufficient  data  for  the 
creation  of  two  (2)  sets  of  the  Walker's  Equation  constants.  One  for  R  0 
and  the  second  for  R  <  0.  The  Walker's  constants  are  summarized  in  Table  2.5 

TABLE  2.5.  MODIFIEO  WALKER'S  EQUATION  COEFFICIENTS 


PRODUCT 

FORM 


2024-T  Sheet 
2024-T3  Sheet 
2024-T351  Plate 
2024-T351  Plate 
2024-T351 1  Angle 
2024-T351 1  Angle 
2024-T351 1  Tee 
2024-T351 1  Tee 
7075-T6  Sheet 
7075-T6  Sheet 
7075-T651  Plate 
7075-T651  Plate 
7075-T651 1  Angle 
7075-T651 1  Angle 
7075-T651 1  Tee 
7075-T651 1  Tee 


NUMBER 

OF  STRESS 

SPECIMENS  RATIO 


positive 

2 . 2374E-09 

negative 

6.2126E  09 

positive 

7 . 7269E-09 

negative 

4 . 5865E- 8 

positive 

7.6198E-1 1 

negative 

4 . 3322E-1 1 

positive 

1  . 5998E-1 0 

negative 

2 . 3033E-09 

positive 

1  . 3579E-07 

negative 

1 .0654E-07 

positive 

1 .7000E-08 

negative 

2 . 6409E-08 

positive 

1 . 9047E-08 

negative 

3.1758E -08 

positive 

9 . 7285E-08 

negative 

5 . 8669E-08 

3.3386 
2.9783 
2.8180 
2.2338 
4.5667 
4.0093 
4.5545 
3.1154 
1  .9752 
2.0950 
2.8033 
2.4962 
2.6640 
2.5814 
2.0369 
2.4602 


2.3  PHASE  2:  SUMMARY 


During  Phase  2  of  the  program,  two  tasks  were  completed,  Task  IV  and  Task  V. 
Task  IV  consisted  of  the  manufacturing  and  testing  of  structural  test  speci¬ 
mens  including  lap-joint  specimens,  and  stringer-reinforced  specimens.  Task  V 
consisted  of  crack  growth  correlations  of  the  experimental  results  vs.  the 
analytical  predictions.  The  purpose  of  the  correlations  was  to  evaluate  the 
effectiveness  of  the  analytical  methods  used  to  predict  crack  growth  and  crack 
initiation  of  structural  elements  representative  of  those  used  in  airframe 
structure. 

2.3.1  Structural  Test  Program 

Task  IV  consisted  of  the  manufacturing  and  testing  of  72  structural  test  speci¬ 
mens.  They  included  36  lap-joint  specimens,  and  36  stringer-reinforced 
specimens.  The  material  used  was  2024-T3XX  and  7075-T6XX  aluminum  alloys. 

The  specimens  were  subjected  to  a  constant  amplitude  loading  and  to  randomized 
flight-by-flight  loading  spectra.  The  testing  was  performed  using  a  MTS 
Hydraulic  computer-controlled  testing  machine  with  loading  frequency  not  ex¬ 
ceeding  1 0Hz .  The  tests  were  conducted  at  Lab-Air  environment.  The  specimens 
were  precracked  prior  to  assembly.  The  precracking  was  done  by  means  of  saw- 
cut,  followed  by  the  application  of  constant  amplitude  loading  until  the  de¬ 
sired  initial  0.050-inch  corner  flaw  as  achieved.  During  the  test,  crack 
measurements  were  taken  using  a  magnifying  glass.  Following  the  test,  fracto- 
graphic  examination  was  conducted  on  representative  specimens. 

2.3.2  Lap-Joint  Specimen  Test  Program 

Thirty-six  lap-joint  specimens  were  tested.  It  included  two  configurations. 
Eighteen  specimens  had  a  single-shear  configuration,  and  eighteen  had  a  double¬ 
shear  configuration.  Three  groups  of  specimens  were  tested.  They  included 
the  following: 

(a)  Group  A,  base  line  with  clearance  fit  hole,  no  clamp-up,  and  no  sealant 
at  faying  surface. 

(b)  Group  C,  with  interference  fit  Hi-Loks,  clamp-up,  and  no  sealant  present 

(c)  Group  D,  with  interference  fit,  clamp-up  and  sealant  at  faying  surface. 
The  test  matrix  is  presented  in  Table  2.6. 
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TABLE  2.6.  LAP-JOINT  SPECIMENS  TEST  PROGRAM 


SPECIMEN 

CONFIGURATION 

NUMBER 

MAXIMUM 

INTER- 

CLAMP- 

OF 

APPLIED 

STRESS 

GROUP  CONFIGURATION 

FER. 

UP 

SEALANT 

SPECIMENS 

SPECTRUM 

(KSI) 

No 

No 

No 

2 

C.A.O) 

17.0 

A 

Single-Shear 

No 

No 

No 

2 

A-10A 

37.75 

No 

NO 

No 

2 

AMAVS 

37.75 

Yes 

Yes 

No 

2 

C.A.O) 

17.0 

C 

Single-Shear 

Yes 

Yes 

No 

2 

A-10A 

37.75 

Yes 

Yes 

No 

2 

AMAVS 

37.75 

Yes 

Yes 

Yes 

2 

C.A.(l) 

17.0 

D 

Single-Shear 

Yes 

Yes 

Yes 

2 

A-10A 

37.75 

Yes 

Yes 

Yes 

2 

AMAVS 

37.75 

No 

No 

No 

2 

C.A.O) 

17.0 

A 

Double-Shear 

No 

No 

No 

2 

A-10A 

37.75 

No 

No 

No 

2 

AMAVS 

37.75 

Yes 

Yes 

No 

2 

C.A.O) 

13.1 

C 

Double-Shear 

Yes 

Yes 

No 

2 

A-10A 

37.75 

Yes 

Yes 

No 

2 

AMAVS 

37.75 

Yes 

Yes 

Yes 

1 

C.A.O) 

13.1 

D 

Double-Shear 

Yes 

Yes 

Yes 

3 

A-10A 

37.75 

Yes 

Yes 

Yes 

2 

AMAVS 

37.75 

(1) 

Stress  ratio  R  = 

0.36 

(2) 

Stress  ratio  R  = 

0.10 

2.3.3  Experimental  vs.  Analytical  Correlations 

During  Task  V  of  the  program,  correlations  in  crack  growth  rates  of  the  experi¬ 
mental  results  vs.  analytical  predictions  were  performed.  The  correlations 
Included  36  lap-joint  specimens  and  36  stringer-reinforced  specimens.  The 
purpose  of  the  correlations  was  to  evaluate  the  effectiveness  of  the  analytical 
methods  in  predicting  the  crack  growth  lives  of  structural  specimens  subjected 
to  a  loading  spectrum. 
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2. 3. 3.1  Experimental  Results  vs.  Analytical  Predictions  for  Single-Shear  Lap- 
Joint  Specimens 


The  experimental  vs.  analytical  crack  growth  predictions  for  the  single-shear 
lap-joint  specimens  subjected  to  constant  amplitude  loading  spectrum  are  sum¬ 
marized  In  Table  2.7.  Fractographic  examination  of  the  specimens  subsequent  to 
failure  indicate  crack  initiation  at  the  edge  of  most  of  the  holes.  Method  2 
predicts  initiation  at  the  opposite  side  of  the  hole  from  where  the  initial 
flaw  existed.  However,  Method  2  overall  accuracy  is  about  the  same  as  Method 
1.  The  prediction  of  crack  initiation  resulted  in  better  indication  of  the 
presence  of  cracking  within  the  fracture  surface. 


TABLE  2.7.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  SINGLE¬ 
SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  CONSTANT  AMPLITUDE  LOADING  SPECTRUM 


ANALYTICAL  PREDICTIONS 


GROUP 

(REF. 

TABLE 

2.16) 

MAXIMUM* 

STRESS 

(KSI) 

AVERAGE 

TEST 

RESULTS 

TO  FAILURE 
(CYCLES) 

METHOD 

LIFE 

(CYCLES) 

_L 

%  DEV 

METHOD 

LIFE 

(CYCLES) 

_2 

%  DEV 

A 

17.0 

45,250 

40,730 

9.9 

30,555 

32.5 

C 

17.0 

96,700 

40,730 

46.2 

67,724 

30.0 

D 

17.0 

79,105 

40,730 

49.2 

41,289 

41 .8 

EXPERIMENTAL/ANALYTICAL  OVERALL  DEV  35.1  34.7 


*R=0.36 


The  experimental  and  analytical  crack  growth  predictions  for  the  single-shear 
lap-joint  specimens  subjected  to  A-10A  loading  spectrum  are  presented  in  Table 
2.8.  Overall  predictions  of  Method  2  is  more  accurate  than  Method  1  predic¬ 
tions.  This  was  primarily  due  to  better  prediction  of  Group  C  specimens.  The 
majority  of  the  specimens  exhibited  crack  initiation  at  the  edge  of  most  of  the 
holes,  although  the  bulk  of  the  growth  occurred  primarily  at  the  initially 
flawed  hole. 


2179E/ETW/0209E 


TABLE  2.8.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  SINGLE-SHEAR 
LAP-JOINT  SPECIMENS  SUBJECTED  TO  A-lOA  LOADING  SPECTRUM 


I 


ANALYTICAL  PREDICTIONS 


GROUP 

(REF. 

TABLE 

2.16) 

MAXIMUM 
STRESS 
( KS I ) 

AVERAGE 

TEST 

RESULTS 

TO  FAILURE 
(CYCLES) 

METHOD 

LIFE 

(CYCLES) 

J. 

X  DEV 

METHOD 

LIFE 

(CYCLES) 

_2 

X  DEV 

A 

37.75 

44,594 

24,408 

45.2 

15,087 

66.2 

C 

37.75 

59,798 

24,408 

59.18 

53,138 

11.1 

D 

37.75 

41 ,365 

24,408 

40.1 

20,473 

50.5 

EXPERIMENTAL/ANALYTICAL  OVERALL  DEV  48.2  42.6 


i 
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*/ 
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The  experimental  and  analytical  crack  growth  predictions  for  the  single-shear 
lap-joint  specimens  subjected  to  AMAVS  loading  spectrum  are  presented  in  Table 
2.9.  The  overall  predictions  using  both  Method  1  and  Method  2,  were  in  the  un¬ 
conservative  side.  Both  Method  1  and  Method  2  predicted  longer  lives  than  the 
experimental  results  Indicated. 


TABLE  2.9.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  SINGLE-SHEAR 
LAP-JOINT  SPECIMENS  SUBJECTED  TO  AMAVS  LOADING  SPECTRUM 


ANALYTICAL  PREDICTIONS 


GROUP 

(REF. 

TABLE 

2.16) 

MAXIMUM 

STRESS 

(KSI) 

AVERAGE 

TEST 

RESULTS 

TO  FAILURE 
(CYCLES) 

METHOD 

LIFE 

(CYCLES) 

_L 

X  DEV 

METHOD 

LIFE 

(CYCLES) 

_2 

X  DEV 

A 

37.75 

5,387 

22,189 

-310.0 

9,132 

-  69.5 

C 

37.75 

11,105 

22,189 

-  99.8 

23,343 

-110.0 

D 

37.75 

9,980 

22,189 

-125.0 

9,944 

0.0 

EXPERIMENTAL/ANALYTICAL  OVERALL  OEV  -178.3  -  59.8 


2. 3. 3. 2  Single-Shear  Lap-Joint  Specimens:  Summary 

The  following  observations  were  concluded  from  the  experimental  and  the  ana¬ 
lytical  results  of  the  single-shear  lap-joint  specimens. 

(I)  Experimental  Results 

o  The  highest  number  of  cycles  to  failure  were  obtained  from  Group  C 
specimens.  Overall,  they  were  85%  higher  than  Group  A  and  23% 
higher  than  Group  0. 

o  A  23%  reduction  in  the  life  of  group  D  over  Group  C  is  attributed  to 
the  presence  of  sealant  at  the  faying  surface. 

o  Very  little  crack  initiation  occurred  in  the  7075-T6XX  specimens. 

The  short  life  to  failure  may  be  attributed  to  the  lack  of  crack 
initiation. 

(II)  Analytical  Predictions 

o  In  Method  1  "Crack  Growth  Only"  the  secondary  damage  of  0.005  in.  at 
adjacent  holes  is  adequate  for  the  2024-T3XX  specimens  but  overly 
conservative  for  the  7075-T6XX  specimens. 

o  Method  2  "Crack  Growth  and  Crack  Initiation"  predicted  accurate 
crack  Initiation  diagonally  opposite  the  initial  flaw,  but  did  not 
predict  initiation  at  adjacent  holes.  This  is  contrary  to  most  of 
the  experimental  reports. 

o  Neither  method  predicted  accurate  lives  of  specimens  made  of 
7075-T6XX  and  both  were  on  the  unconservative  side. 

2. 3. 3. 3  Experimental  vs.  Analytical  Predictions  For  Double-Shear  Lap-Joint 
Specimens 

The  experimental  results  vs.  the  analytical  crack  growth  predictions  for  the 
double-shear  lap-joint  specimens  are  summarized  in  Table  2.10.  The  analytical 
predictions  for  both  Method  1  and  Method  2  are  conservative.  The  overall 
standard  deviations  were  about  the  same  for  both  methods.  However,  for  Group 
C,  the  predicted  life  using  Method  2  was  much  closer  to  the  test  results.  In 
all  cases.  Method  2  predicted  crack  Initiation  diagonally  opposite  the  initial 
flaw.  This  was  consistent  with  the  test  results. 


TABLE  2.10.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  DOUBLE¬ 
SHEAR  LAP-JOINT  SPECIMENS  SUBJECTED  TO  CONSTANT  AMPLITUDE  LOADING  SPECTRUM 


GROUP 

(REF. 

TABLE 

2.16) 

MAXIMUM 

STRESS 

(Ksi) 

AVERAGE 

TEST 

RESULTS 

ANALYTICAL 
METHOD  1 

LIFE 

(CYCLES)  %  DEV 

PREDICTIONS 

METHOD 

LIFE 

(CYCLES) 

_2 

%  DEV 

A 

13.1 

R  =  0.36 

214,050 

121,100 

43.4 

115,500 

46.0 

C 

13.1 

R  =  0.36 

2x1 06 

121,100 

N/A 

1 .23xl06 

N/A 

0 

17.0 

R  =  0.10 

129,300 

20,840 

83.9 

25,514 

80.3 

EXPERIMENTAL/ANALYTICAL 

OVERALL 

DEVIATION 

63.6 

63.1 

The  correlations  for  the  double-shear  lap-joint  specimens  subjected  to  A-10A 


loading  spectrum  are  presented  in  Table  2.11.  The  standard  deviation  for 
Method  1  was  56. 8%  vs.  44.6%  for  Method  2.  The  better  accuracy  of  Method  2  is 
attributed  to  Group  C  where  Method  2  predicted  closer  results  than  Method  1. 


TABLE  2.11.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  DOUBLE-SHEAR 
LAP-JOINT  SPECIMENS  SUBJECTED  TO  A-10A  LOADING  SPECTRUM 


ANALYTICAL  PREDICTIONS 


AVERAGE 


GROUP 

(REF. 

MAXIMUM 

TEST 

RESULTS 

METHOD  1 

METHOD  2 

TABLE 

STRESS 

TO  FAILURE 

LIFE 

LIFE 

2.16) 

(KSI) 

(CYCLES) 

(CYCLES)  %  DEV 

(CYCLES)  %  DEV 

A 

37.75 

39,185 

31 ,890 

18.6 

C 

37.75 

175,485 

31 ,890 

81  .8 

D 

37.75 

107,038 

31 ,890 

70.2 

42.7 
19.5 
71  .7 


EXPERIMENTAL/ANALYTICAL  OVERALL  DEVIATION 


56.8 


22,466 

141,196 

30,208 


44.6 


The  correlations  for  the  double-shear  lap-joint  specimens  subjected  to  an  AMAVS 
loading  spectrum  are  presented  in  Table  2.12.  Again,  Method  2  predictions  for 
Group  C  are  more  accurate  than  Method  1  predictions.  This  is  attributed  to 
faying  surface  stress  reduction  used  when  Method  2  is  utilized.  The  overall 
standard  deviation  Is  62. 8%  for  Method  1  vs.  58. 9%  for  Method  2. 

TABLE  2.12.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  DOUBLE-SHEAR 
LAP-JOINT  SPECIMENS  SUBJECTED  TO  AMAVS  LOADING  SPECTRUM 

ANALYTICAL  PREDICTIONS 


GROUP 

(REF. 

TABLE 

2.16) 

MAXIMUM 

STRESS 

(KSI) 

AVERAGE 

TEST 

RESULTS 

TO  FAILURE 
(CYCLES) 

METHOD 

LIFE 

(CYCLES) 

_L 

%  DEV 

METHOD 

LIFE 

(CYCLES) 

_2 

%  DEV 

A 

46,750 

30,660 

34.4 

20,007 

57.2 

C 

37.75 

148,917 

30,660 

79.4 

78,014 

47.6 

D 

30,660 

74.6 

33,834 

71.9 

EXPERIMENTAL/ANALYTICAL  OVERALL  DEVIATION 


62.8 


58.9 


2. 3. 3. 4  Double-Shear  Lap-Joint  Specimens:  Summary 


The  following  observations  were  concluded  from  the  experimental  and  the  analy 
tical  results  for  the  double  shear  lap-joint  specimens. 


(I)  Experimental  Results 

o  The  highest  number  of  cycles  to  failure  was  obtained  from  Group  C 
specimens,  by  a  factor  of  approximately  400%  compared  to  Group  A 
and  by  44%  compared  to  Group  D. 

o  Reduction  in  life  by  44%  in  Group  D  with  respect  to  Group  C  was 
attributed  to  the  presence  of  sealant  at  the  faying  surface. 

o  Crack  growth  is  approximately  the  same  for  both  upper  and  lower 
splice  plates.  The  growth  was  concentrated  about  the  Initial  flaw 
location.  Little  initiation  occurred  at  adjacent  fasteners. 

(II)  Analytical  Predictions 

o  Both  Methods  1  and  Method  2  predictions  are  on  the  conservative 
side.  Method  2  has  overall  superior  predictions  than  Method  1. 
Initiation  diagonally  opposite  the  initial  flaw  is  accurately 
predicted  by  Method  2. 


2. 3. 3. 5  Stringer-Reinforced  Specimens  Test  Program 

A  total  of  36  stringer-reinforced  specimens  were  tested.  This  included  three 
skin  to  stringer  configurations,  as  follows: 

(a)  Center-stringer  reinforced,  continuous  skin 

(b)  Center-stringer  reinforced,  split  skin 

(c)  Edge-stringer  reinforced,  continuous  skin 

The  specimens  were  made  of  2024-T3XX  and  7075-T6XX  Aluminum  Alloys.  Each  spec 
imen  tested  had  a  precracked  Initial  corner  flaw  of  0. 050-Inch  located  at  the 
faying  surface  and  common  to  the  stringer  and  skin.  Two  locations  of  Initial 
flaws  were  selected.  One  location  was  facing  toward  the  upstanding  leg  of  the 
stringer  (Inside  crack),  and  the  second,  growing  toward  the  free  edge  of  the 
stringer  (outside  crack).  An  untorqued  clearance-fit  fastener  was  Inserted  in 
the  precracked  hole.  The  remaining  fasteners  were  interference  fit  and  fully 
torqued. 

The  specimens  were  subjected  to  a  constant  amplitude  loading  (C.A.)  and  to  ran 
domized  loading  spectrum  including  the  A-10A  and  the  AMAVS  flight-by-flight 
spectra.  Each  of  the  test  configurations  included  two  duplicated  tests  at 
identical  loading  spectrum  and  initial  flaw  configuration. 

The  test  matrix  is  shown  In  Table  2.13. 


TABLE  2.13.  STRINGER-REINFORCED  SPECIMENS  TEST  PROGRAM  MATRIX 


SPECIMEN 

TYPE 

INITIAL 

FLAW 

CONFIGURATION 

INITIAL 

FLAW 

TYPE 

APPLIED 

LOAOING 

SPECTRUM 

MAXIMUM 
STRESS 
LEVEL 
(ksi ) 

MINIMUM 

STRESS 

LEVEL 

(ksi) 

Center 

T-Stringer 

Continuous 

Skin 

-c#fep- 

Inside 

17.0 

1.7 

Outside 

Constant 

Amplt. 

17.0 

1.7 

Center 

L-Stringer 

Continuous 

Skin 

Inside 

Constant 

Amp  1 1 . 

17.0 

1 .7 

■IVI 

Constant 

Amp  1 1 . 

17.0 

1.7/4.54 

Edge 

L-Stringer 

Continuous 

Skin 

Outside 

Constant 

Amplt. 

17.0 

1  .7 

- TT7T5 - 

1  .7 

Center 

T-Stringer 

Continuous 

Skin 

-qiAip- 

Inside 

AMAVS 

30.5 

-6.64 

Outside 

AMAVS 

30.5 

-6.64 

Center 

T-Stringer 

Split 

Skin 

-eAb- 

Inside 

AMAVS 

30.35 

-6.60 

=^^p- 

Outside 

AMAVS 

30.35 

-6.60 

Edge 

L-Stringer 

Continuous 

Skin 

l^Mb!= 

Outside 

AMAVS 

21  .48 

-4.67 

Inside 

AMAVS 

21  .48 

-4.67 

Center 

T-Stringer 

Continuous 

Skin 

Inside 

A-10A 

35.75 

-8.34 

-i«Ap- 

Outside 

A-10A 

35.75 

-8.34 

Center 

L-Stringer 

Continous 

Skin 

Inside 

A-10A 

28.0 

-6.73 

Outside 

A-10A 

28.0 

-6.73 

Edge 

L-Stringer 

Continuous 

Skin 

- 

Outside 

— 

A-10A 

35.75 

-8.34 

Inside 

A-10A 

35.75 

-8.34 

2. 3. 3. 6  Experimental  Results  vs.  Analytical  Predictions  for  Stringer- 
Reinforced  Specimens 


The  experimental  results  vs.  the  analytical  predictions  for  the  stringer- 
reinforced  specimens  subjected  to  constant  amplitude  loading  are  presented  in 
Table  2.14.  The  predicted  lives  using  Method  1  and  Method  2  were  close  to 
experimental  results,  and  were  conservative.  Method  2  predicted  crack  ini¬ 
tiation  diagonally  opposite  the  initial  flaw,  which  was  similar  to  the 
experimental  results. 


TABLE  2.14.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  STRINGER- 
REINFORCED  SPECIMENS  SUBJECTED  TO  CONSTANT  AMPLITUDE  LOADING  SPECTRUM 


SPECIMEN 

TYPE 

CRACK 

0RIENT- 

TATION 

MAXIMUM 

GROSS 

STRESS 

(ksi) 

EXPERI¬ 
MENTAL 
LIFE  TO 
FAILURE 
(CYCLES) 

ANALYTICAL 
METHOD  1 

LIFE 

(CYCLES)  %DEV 

PREDICTION 

METHOD 

LIFE 

(CYCLES) 

x 

XDEV 

Center 

T-Stringer 

Inside 

17.0 

65,820 

56,198 

14.6 

59,629 

9.6 

Continuous 

Skin 

Outside 

17.0 

65,142 

57,894 

11.1 

48,632 

25.3 

Center 

L-Stringer 

Inside 

17.0 

76,025 

64,021 

15.8 

60,881 

19.9 

Continuous 

Skin 

Outside 

17.0 

72,900 

64,021 

12.2 

60,881 

16.5 

Edge 

L-Stringer 

Outside 

17.0 

67,136 

59,579 

11.3 

51 ,158 

23.8 

Continuous 

Skin 

Inside 

17.0 

87,647 

36,812 

58.0 

38,806 

55.7 

EXPERIMENTAL/ANALYTICAL  OVERALL  DEV.  20.3  25.13 


The  correlation  for  the  stringer  reinforced  specimens  subjected  to  A-10A  load¬ 
ing  spectrum  are  presented  in  Table  2.15.  The  overall  standard  deviation  was 
36.48%  and  45.25%  for  Method  1  and  Method  2,  respectively.  The  accuracy  of  pre 
dictions  were  about  the  same  order  of  magnitude  except  for  the  edge  L-stringer 
with  outside  flaw,  which  had  better  prediction  using  Method  1. 


TABLE  2.15.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  STRINGER- 


REINFORCED 

SPECIMENS  SUBJECTED 

TO  A-10A 

LOADING 

SPECTRUM 

EXPERI¬ 

MAXIMUM 

MENTAL 

ANALYTICAL  PREDICTION 

CRACK 

GROSS 

LIFE  TO 

METHOD 

1 

METHOD 

2 

SPECIMEN 

ORIENT- 

STRESS 

FAILURE 

LIFE 

LIFE 

TYPE 

TATION 

(ksl) 

(CYCLES) 

(CYCLES) 

%DEV 

(CYCLES) 

%DEV 

Center 

Inside 

35.75 

191,290 

111,954 

41  .4 

103,871 

45.7 

T-Stringer 

Continuous 

Skin 

Outside 

35.75 

202,143 

127,195 

37.1 

104,000 

48.6 

Center 

Inside 

35.75 

240,210 

144,182 

40.0 

119,452 

50.3 

L-Stringer 

Continuous 

Outside 

28.0 

574,875 

341,174 

40.6 

297,818 

48.2 

Skin 

Edge 

L-Stringer 

Outside 

35.75 

130,860 

119,372 

8.8 

94,235 

Continuous 

Skin 

Inside 

35.75 

151,970 

74,447 

51.0 

74,885 

EXPERIMENTAL/ANALYTICAL  OVERALL  DEV.  36.48  45.25 


The  correlation  for  the  specimens  subjected  to  AMAVS  loading  spectrum  are  pre¬ 
sented  in  Table  2.16.  The  overall  standard  deviation  was  39.83%  and  47.86%  for 
Method  1  and  Method  2,  respectively.  Except  for  the  specimen  with  the  edge 
L -stringer  outside  flaw,  all  the  predicted  results  were  conservative. 


TABLE  2.16.  EXPERIMENTAL  RESULTS  VS.  ANALYTICAL  PREDICTIONS  FOR  STRINGER- 
REINFORCED  SPECIMENS  SUBJECTED  TO  AMAVS  LOADING  SPECTRUM 


EXPERI¬ 

MAXIMUM 

MENTAL 

ANALYTICAL 

PREDICTION 

CRACK 

GROSS 

LIFE  TO 

METHOD  1 

METHOD  2 

SPECIMEN 

ORIENT- 

STRESS 

FAILURE 

LIFE 

LIFE 

TYPE 

TATION 

(ksi) 

(CYCLES) 

(CYCLES)  %DEV 

(CYCLES) 

EXPERIMENTAL/ANALYTICAL  OVERALL  DEV.  39.83 


[i] 


2. 3. 3. 7  Stringer-Reinforced  Specimens:  Summary 

The  following  observations  were  concluded  from  the  experimental  and  the  analytl 
cal  predictions  of  the  stringer  reinforced  specimens. 

(I)  Experimental  Results 

o  No  substantial  difference  in  life  between  initial  induced  "inside 
crack"  and  "outside  crack"  for  the  center  ' T *  and  center  ' L '  continu 
ous  skin  was  observed. 

o  The  split  skin  specimens  indicate  slightly  (9.6%)  shorter  life  for 
specimens  with  outside  initial  cracks  then  those  with  inside  initial 
cracks. 

o  The  specimens  with  the  edge  * L '  configurations  clearly  indicate  that 
the  outside  Initial  flaw  contains  the  shorter  life. 

o  The  split  skin  specimens  survived  5.4%  longer  than  the  continuous 
skin. 

o  Initiation  at  the  opposite  side  of  hole  occurred  prior  to  failure. 

o  In  most  of  the  cases,  stringers  and  skin  failure  occurred 
simultaneously. 

o  No  crack  Initiation  was  observed  in  split  skin  adjacent  plate. 

(II)  Analytical  Predictions 

o  Overall  predictions  were  superior  using  Method  1  over  Method  2  by 
approximately  20%. 

o  Method  2  prediction  of  initiation  are  closer  to  actual  test  results 
than  the  assumed  secondary  flaw. 

o  Method  2  accuracy  may  be  improved  substantially  by  better  input 
parameters . 

o  Both  methods  predict  shorter  lives  for  L-edge  type  specimens  with 
outboard  cracks.  This  is  in  contrary  with  test  results. 

o  The  analytical  methods  critical  crack  length  is  much  shorter  than 
test  results. 


2.4  PHASE  3:  SUMMARY 


During  Phase  3  of  the  contract,  assessments,  improvements,  and  recommendations 
were  made  as  to  the  validity  of  the  military  specification  MIL-A-83444,  the 
state-of-the-art  in  predicting  crack  growth  and  the  critical  location  of  the 
initial  assumed  flaws.  The  work  associated  with  this  Phase  is  presented  in 
Volume  V  of  the  Report.  Phase  3  consisted  of  three  tasks: 

2.4.1  Task  VI:  Assessment  of  and  Recommended  Improvements  to  MIL-A-83444 
During  Task  IV,  assessment  of  the  military  specification  MIL-A-83444  for  damage 
tolerance  design  was  examined.  Based  on  the  structural  test  program,  continuing 
damage  assumption,  including  size  and  location,  was  determined. 

2.4.2  Task  VII:  Guidelines  for  Most  Critical  Initial  Primary  Damage  Location 
During  Task  VII,  examination  of  the  structural  test  specimens  was  performed  to 
determine  the  most  critical  primary  flaw  location.  Based  on  these  data,  recom¬ 
mendation  and  guidelines  are  made  as  to  the  location  of  initial  primary  flaws. 

2.4.3  Task  VIII:  Assessment  of  and  Improvements  to  Damage  Tolerance  Analyses 
During  Task  VIII,  examination  of  the  analytical  predictions  of  the  structural 
test  specimens  were  made.  The  validity  and  accuracy  of  ‘Method  1'  crack  growth 
only,  and  'Method  2'  combined  crack  growth  and  crack  initiation,  were  determined. 

2.5  RECOMMENDATIONS 

Based  upon  the  results  of  this  study,  the  following  recommendations  are  offered: 

1)  Continuing  damage  defined  in  MIL-A-83444  should  be  revised  to  reflect 
secondary  crack  initiation  occurring  diametrically  opposite  the  primary 
flaw  location.  The  exact  time  of  introducing  the  secondary  flaw  may 
depend  upon  the  structural  configuration  and  the  stress  environment. 
However,  it  is  safe  to  assume  a  secondary  corner  flaw  of  0.005 -in.  when 
the  primary  flaw  approaches  '2D*  from  the  centerline  of  the  hole. 

2)  An  aspect  ratio  of  0.5  -  0.75  for  corner  flaws  at  the  edge  of  a  hole  at 
the  time  the  crack  breaks  through  the  thickness  is  more  realistic  than  the 
current  required  by  MIL-A-83444  of  1.0. 
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3)  Constant  amplitude  crack  growth  rates  for  aluminum  alloys  should  be  devel¬ 
oped  at  low  stress  intensity  factor  of  3  -  5  Ksi  /7n7,  or  at  crack  growth 

_  q 

rates  of  10  in/cycles.  This  will  avoid  the  need  of  crack  growth  rates 
extrapolation . 

4)  For  the  majority  of  structural  configurations,  the  'outside'  initial  flaw 
is  more  critical  than  the  'inside  initial  flaw'.  However,  local  geomet¬ 
ries  should  be  carefully  evaluated  prior  to  initial  flaw  selection. 

5)  The  combined  method  analysis  is  a  powerful  tool  in  determining  crack 
initiation  sites.  However,  empirical  and  analytical  data  for  crack  ini¬ 
tiation  should  be  investigated  further. 

6)  Interference  fit  fasteners  offer  the  best  degree  of  life  enhancement  for 
structure  subjected  to  flight  loads  and  ought  to  be  used  whenever  possible. 

7)  Single-shear  lap-joint  configuration  should  be  avoided  whenever  it  is 
possible.  Double-shear  lap  joint  configuration  is  far  superior. 

8)  The  presence  of  sealant  at  the  faying  surface  tends  to  decrease  the  crack 
growth  life,  and  should  be  treated  accordingly. 

9)  Marker  band  cycles  are  a  useful  tool  in  constructing  crack  growth  curves 
subsequent  to  failure  of  a  test  specimen.  However,  identification  of 
specific  sequences  with  time  is  difficult.  An  alternative  way  would  be 
the  use  of  a  variable  band  repeat  application,  in  which  the  number  of 
cycles  in  each  application  is  distinctly  different,  while  maintaining  the 
general  characteristics  of  the  "markers." 
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